Abstract: In direct gauge mediation, the gaugino masses are anomalously small, giving rise to a split SUSY spectrum. Here we investigate the superpartner spectrum in a minimal version of "direct gaugino mediation." We find that the sfermion masses are comparable to those of the gauginos -even in the hybrid gaugino-gauge mediation regime -if the messenger scale is sufficiently small.
Introduction
If supersymmetry (SUSY) provides an explanation to the hierarchy problem, it should be broken dynamically. A class of such models -"direct gauge mediation" -is obtained by embedding the Minimal Supersymmetric Standard Model (MSSM) group in the flavor symmetry of (deformed) SQCD. However, in such theories, the gaugino masses generically vanish to leading order in SUSY breaking [1] . Consequently, the sfermions are very heavy, 1 and significant fine tuning of the Higgs mass is required.
The main purpose of this note is to investigate models of SUSY breaking and its mediation to the MSSM, which have a simple, generic dynamical origin, but nevertheless lead to a sufficiently degenerate superpartner spectrum. Models of "direct gaugino mediation" [3] provide such a class. These models have a simple low-energy effective description, which allows perturbative computations.
In this work, we compute the soft masses in the minimal version of direct gaugino mediation. The setting of the model is presented in section 2. It is a simple generalization of "minimal gaugino-gauge mediation" [4, 5] , whose sparticle spectrum was studied in detail in [6] ; the messenger sector is a more general one. For completeness, in section 3, we compute the soft masses for a general messenger sector. Then, in section 4, we restrict to the particular subclass of models providing the effective theories of "minimal direct gaugino mediation" [3] , and present the soft masses in this class. In section 5, we evaluate the sparticle mass spectrum at the weak scale.
We find that for low scale mediation -when the effective SUSY-breaking scale is comparable to the messenger scale -the gaugino masses can be sufficiently large relative to the scalar masses, even when the mass of the additional gauge particles is also comparable to the messenger scale. We also show that when the extra massive gauge particles are much lighter than the messenger scale, one may ameliorate the little hierarchy problem, allowing a relatively light stop and a heavy Higgs field. Finally, we discuss our results in section 6.
Setup
The setting [4, 5] , which is a deconstructed version of the extra dimensional theory considered in [7, 8] , is summarized in figure 1 . It consists of a visible sector containing the MSSM matter fields Q,Q which are all charged under the gauge group G A ; a hidden sector containing messenger fields T i ,T j charged under a different gauge group G B and a pair of link fields L,L charged under both gauge groups. Higgsing of the link fields breaks the symmetry G A × G B to the diagonal G SM , which is identified with the MSSM gauge group. The messenger fields are coupled by a superpotential to an F-term SUSY-breaking spurion S, whose θ 2 component attains a SUSY-breaking VEV. The group G A consists of SU(3) × SU(2) × U(1) (which we shall often think of as a subgroup of SU (5)), while we take G B to be SU (5) . 2 The link fields (L,L) are chosen in the (5,5) and (5, 5) representations, respectively. An extra field A, which is an adjoint of G B , as well as an extra singlet K should be added to give masses to all the link field components. The superpotential reads:
The link fields obtain a VEV proportional to the 5 × 5 identity matrix:
The MSSM gauge couplings g k are related to the gauge couplings of the unbroken theory (i.e. before spontaneous symmetry breaking) as follows:
3)
where k = 1, 2, 3 corresponds respectively to the U(1), SU(2) and SU(3) gauge group, while the coupling g B is SU(5) invariant (i.e. the couplings of the SU(3), SU(2) and U(1) subgroups are all identical). A linear combination of the A, B gauge multiplets gets a mass due to the super Higgs mechanism:
.
2 is eaten via the Higgs mechanism; the real part of l k corresponds to the scalar in the massive vector multiplet with mass m v k .
In [6] , the sfermion soft masses have been computed at two loops in the case of a minimal messenger sector; in this note we will extend the computation to the case of a more generic weakly coupled messenger sector, which we will discuss in detail in the next section, see eq. (3.1). A specific example motivated by the dynamical realization proposed in [3] is further studied in more detail.
The two-loop calculation is not a good approximation when the VEV v is much smaller than the messenger scale Ω. In this limit, v ≪ Ω, the two-loop sfermion mass is negligible; the leading contribution then comes from three loops. An approximate computation of these contributions was performed in [9] . For the concrete example discussed in section 4, we will compare the spectrum in the hybrid regime (i.e. v of the order of Ω) to the spectrum in the limit v ≪ Ω.
Soft masses
Let us consider the following weakly-coupled sector of N messenger pairs coupled to a SUSY-breaking F-term spurion S and a D-term spurion V [10, 11] :
where i, j = 1, . . . , N. We use the basis in which the matrix m is diagonal with real eigenvalues m i ; with this choice, by requiring messenger parity and CP conservation, the matrix λ is real and symmetric. The matrixλ must be Hermitian. In order to avoid a non-zero messenger supertrace (and hence loosing calculability [12] ), we require Trλ = 0. The F and D-term spurions acquire the expectation values
which we take to be real. The fermions in the messenger sector (ψ T i , ψT i ) have Dirac masses m i while the complex scalars (T i ,T * i ) have the following mass-squared matrix
In the basis (T −i , T +i ), where T ±i ≡ (T i ±T * i )/ √ 2, the matrix M reads:
Let us denote by U ± the unitary matrices which diagonalize M ± :
The one-loop gaugino masses due to gauge mediation are [10, 11] :
where α k = g 2 k /(4π), k = 1, 2, 3 labels the gauge groups U(1), SU(2), SU(3), respectively, and n k is the Dynkin index of a single messenger pair with respect to the corresponding gauge group. In the case of the gaugino-gauge mediation setting discussed in section 2, g k is the effective low-energy gauge coupling defined in eq. (2.3), which corresponds to the unbroken combination of the groups G A k and G B .
Let us now review the computation of the sfermion masses in gauge mediation [11] in the case of an SU(n) gauge group. It is convenient to use the global SU(n) current multiplet formalism of [13] . The symmetry current j a µ is embedded in a real superfield J a , which also contains a scalar J a and a spinor j a α , where a = 1, . . . , n 2 −1 is the adjoint index. The functions C i (x) parametrize the correlators as follows:
In the weakly coupled setting that we consider, the components of J a can be written explicitly [10, 14] :
where t a are the generators of SU(n). In momentum space, the correlators are:
where
The sfermion soft masses are then given by: 10) where the index k sums over the gauge groups U(1), SU(2) and SU(3); Cf ,k is the quadratic Casimir of the sfermionf and n k is the Dynkin index of a single pair of messengers. Finally, the function f k (p 2 ) depends on the gauge group as well as the specific model under consideration. In the case of gauge mediation it is simply f k (p 2 ) = 1 for all k. A direct calculation [11] using the two-loop integrals in [15] and setting f k (p 2 ) = 1 gives rise to:
where the dilogarithm is defined by Li 2 (x) = − 1 0 dt t log(1 − xt). In order to compute the two-loop sfermion masses in the gaugino-gauge mediation setting discussed in section 2, we should use the momentum dependent function found in [6, 16, 17] :
Using the two-loop integrals in [15, 18] , an explicit calculation gives:
Cf ,k n kSk , (3.13)
where we have defined
This expression generalizes the one found in [6] for a minimal messenger sector. The function h is defined by the integral:
an analytical expression for h can be found in [18] . Note that eq. (3.11) is recovered from eq. (3.13) by taking the limit m v k → ∞.
A dynamical realization 4.1 Description of the model
A realization of the gaugino mediation setup described in section 2 in massive SQCD with singlets was studied in [3] . Consider SU(N c ) SQCD with N f quark multiplets Q in the fundamental representation as well as N f anti-fundamental multipletsQ, which are labeled by the indices i, j = 1, . . . , n and a, b = n + 1, . . . , N f , where
a are introduced as well. The superpotential reads
The masses of the two subsets of quarks, m (1) and m (2) , are both taken to be much smaller than the confinement scale Λ. For N f < 3N c this theory is asymptotically free; the Seiberg dual [19] , for N f > N c + 1, is given in terms of an SU(n) gauge theory. We focus on the regime N f < 3N c /2, where the dual theory is IR-free. The superpotential of the dual theory is then: 
where the subscripts denote the dimension of each block and p = 2N c − N f . In order to cancel as many F-terms as possible, the VEVs are chosen as follows:
while the Z components are pseudo-moduli and the other VEVs are equal to zero. The one-loop Coleman-Weinberg potential sets Z = 0 and η =η; the SUSY-breaking sector is similar to the ISS model [20] . The fields χ,χ are identified with the link fields L,L of the quiver diagram in figure 1 and the SU(n) χ flavor group is identified with the gauge group G A . The VEV of η breaks the SU(n) η global flavor group and the dual SU(n) gauge group to a diagonal combination, which is identified with the gauge group G B . Finally, the field Z is the SUSY-breaking spurion S while 5) are the messengers. The model has an accidental R-symmetry which is not broken by the metastable vacuum; for this reason the gaugino masses are zero. This accidental symmetry should thus be broken, e.g. by adding a quartic deformation in the UV, as in [21] . This deformation turns in the IR into a superpotential term δW ∝ Tr Z 2 , giving Z a non-zero VEV which we choose to be Z = ω 1 p .
Soft masses
In this section we apply the generic results of section 3 to the model briefly described in section 4.1. There is a total of 2p messengers which can be organized as p copies of the two messenger pairs (T 1 ,T 1 ) and (T 2 ,T 2 ). The coupling between the messengers and the spurion S is given by eq. (3.1) with
where Ω = Λm (2) and ω is the VEV of each diagonal element of Z. The VEV of the link field L is v = Λm (1) . In order to satisfy the relation N f < 3N c /2 for n = 5 (i.e. corresponding to an SU(5) GUT), we have to require p ≥ 6; the values of (n, p) = (5, 6) correspond to N c = 11, N f = 16. A more generic expression is:
In the following we will first consider the formal case p = 1 which corresponds to two messengers. The only effect of general p is an overall p-factor in the soft masses, which we shall reintroduce in the end. It is useful to pass to the basis where the masses of the fermionic messengers are diagonal:
The squared masses of the bosonic messengers are:
where s = 1, 2. The diagonalization matrices for the bosonic messenger masses in eq. (3.5) are given by:
where the rotation angles are:
The following variables are introduced for convenience: In the numerical examples that we will consider, the relative difference between the parameters y k , k = 1, 2, 3, is very small; hence, we will often simply denote by y their average value. Analogously, we will denote by m v the average of m v k . A plot of the messenger masses as a function of x for z = 1 is shown in figure 2 . Using eq. (3.6), we can compute the gaugino soft masses:
where G is the function calculated for p = 1 (i.e. corresponding to 2 messengers) and
, where g k is defined in eq. (2.3). The messengers are fixed here in the 5 +5 representation of SU (5) . Notice the reinstated p, which renders the result valid for any p ≥ 1. A plot of the function G is shown in figure 3 ; for fixed x, we obtain the highest gaugino masses for z ≈ 1. In the limit x → 1, the function G(x, z) has the following behavior:
Using eq. (3.13), we obtain for the sfermion mass-squared:
The function S is again calculated for the case p = 1, while the explicit factor of p appears as the promised multiplicative factor and hence renders the result valid for any p ≥ 1. The function S is shown in figure 4 in the large y limit as well as for y = 1. As already mentioned, in the large y limit, eq. (4.16) reduces to the gauge mediation expression given by eq. (3.11). 5 Weak scale spectrum
Hybrid regime
From figure 3, one can see that the one-loop gaugino masses are indeed highly suppressed when x is small. The regime that is more interesting phenomenologically (i.e. in order to avoid large sfermion masses) thus corresponds to relatively large x, i.e. roughly 0.8 < x < 1, and z ≈ 1. We are then forced to consider only low messenger scales, such as 10 5 − 10 6 GeV. In this regime of parameter space, the various masses of the messengers are rather split (see figure 2) , however, the average messenger scale is roughly Ω in any case. The two-loop sfermion masses computed in the previous section can be trusted only in the regime where the function S(x, y, z) in eq. (4.16) is sufficiently larger than a loop factor α/(4π) ≈ 0.01. In the model under consideration, this is usually the case for y 1. Examples of spectra in this regime are shown in table 1 (for p = 1) and in table 2 (for p = 6). The case of p = 6 corresponds to the minimal N c = 11 and N f = 16 embedding in the dynamical model discussed in section 4, while p = 1 does not correspond to any known dynamical embedding, but formally it is the minimal case with vanishing gaugino mass at the leading order in SUSY breaking -the case with two messengers. The spectra were obtained using the program SOFTSUSY [22] to solve the renormalization group (RG) equations from the messenger scale Ω to the weak scale. The mass splitting among the messengers is not negligible (e.g. there is a ratio of 6 between the mass of the heaviest and the lightest messengers for x = 0.8 and a ratio of 20 for x = 0.98), and thus a priori there is no clear-cut scale from which it is most appropriate to start the RG evolution. The imprecision arising from this fact is however of the order of higher order corrections in α k . We did check though that the results are not that sensitive to this choice in the specific examples that we have considered. The trilinear scalar soft terms were set to zero at the messenger scale due to an extra loop suppression. We assume that only the gauge mediated contribution is present for the soft masses of H u , H d at the messenger scale while µ, Bµ are computed by imposing electroweak symmetry breaking as well as the value of tan β.
For p = 1 we get a (mostly bino) neutralino NLSP in all of the parameter space, while for p = 6 both neutralino and stau NLSPs are possible. The neutralino NLSP is promptly decaying, because √ f 10 6 GeV. The experimental constraints from 36 pb −1 of LHC data discussed in [23] are relevant in the case of neutralino NLSP, implying that the gluino mass has to be greater than 600 GeV. For most spectra in the tables we have been able to put the Higgs mass near 115 GeV, whereas in a few examples it was necessary to push it a bit in order to obtain a gluino mass above 800 GeV.
Gaugino mediation regime

G B = SU(5)
This regime is defined by m v k ≪ Ω and in this limit the link field potential due to SUSY breaking is no longer negligible compared to the tree-level potential arising from the superpotential in eq. (2.1). For this reason we redefine the scale v in eq. (2.1) to be Λ v : while we continue to denote by v the VEV of the link field, which is now obtained by minimizing the link field potential:
where V F and V D are the supersymmetric F and D-term potentials and m L is the gauge mediated soft mass for the link field, which in the limit m v k ≪ Ω can be computed from the gauge mediation expression (3.11),(3.13), with α k replaced by α B ,
where C L = 12/5 is the Casimir of the link field. The heavy vector still has the mass m v k given by eq. (2.4) while the link field scalar instead gets a mass m
L . For m v k ≪ Ω, the two-loop sfermion masses computed in sections 3 and 4 are negligible and hence the leading order sfermion masses are generated at three loops. Thus we can use the method described in [9] to compute the spectrum. Let us denote by m v the average of the masses m v k . It is useful to split the renormalization of the soft parameters into two parts, m v < µ < Ω and µ < m v , according to the RG scale µ. At the scale Ω the sfermion masses are taken to be zero, while the gaugino of the gauge group G B gets a soft mass Mg ,B , which can be computed from the expression (3.6, 4.14), with α k replaced by α B . The link field scalars L,L also get a gauge mediated soft mass m L . In the present example, Mg ,B vanishes to leading order in SUSY breaking and hence is suppressed compared to m L .
From the scale Ω to m v , the renormalization group equations for (m 2 L , Mg ,B ) are given by [24] :
where C L = 12/5 is the Casimir for the link field and b B = −5. At the scale m v , the following sfermion masses are generated by integrating out the link field and the heavy gaugino [9] :
The (H u , H d ) soft masses at the scale m v are:
where ml is the soft mass of the slepton doublet and λ t,b are the Yukawa couplings of the top and bottom, respectively. The MSSM gaugino masses are determined from Mg ,B :
Furthermore, rather small trilinear terms are generated [9] at the scale m v by integrating out the heavy gaugino:
where λ τ is the Yukawa coupling for the τ . Below m v the RG equations are solved using SOFTSUSY [22] . Examples of spectra are shown in tables 3 and 4. It turns out that these spectra are rather similar to the ones considered in the previous section for m v ≈ Ω. It is interesting to compare the magnitude of the two-loop sfermion soft masses in eq. (4.16) to the three-loop estimation given by eq. (5.5). In the comparison, we just keep the dominant contribution from eq. (5.5), arising from the log term which we expand as follows:
This estimate is only valid for m v k m L . For α −1 B = 4, one finds r ≈ 0.16/S(x, y, z), showing that the three-loop contributions are rather important, viz. the naive loop factor α/(4π) ≈ 0.01 gets boosted by a factor of 16. The intuitive explanation for this is that the gauge couplings g A k , g B are in general stronger than the MSSM gauge coupling g k .
Throughout the paper we have considered the G B = SU(5) invariant case, to preserve the unification already present in the MSSM. However, one might pose the question if unification is really obtainable in this kind of models, as we are forced to work with low-scale mediation. The one-loop beta-function for the gauge group G B is IR-free, conformal and asymptotically free for p ≥ 6, p = 5 and p ≤ 4, respectively. A straightforward analysis shows the following. For p ≤ 5, perturbative unification can be obtained if we give appropriate masses -of the order of the GUT scale -to parts of the inert mesons in the embedding theory. The magnetic dual theory, however, is not IR-free for p = 5 which is why we have considered p = 6 in the numerical examples. For p = 6, unification is rather marginal. If we take equal copies of the messengers, all at the same scale, we cannot obtain unification due to the coupling g B running into a Landau pole before the GUT scale. In order to ameliorate this problem, we can keep two messengers as in the numerical examples above and split the remaining five couples by changing the VEV of
, with z ′ ≫ 1, giving split eigenvalues for the rest of the messengers. This results in a small interval of asymptotically free running and then all the messengers kick in. This way we obtain unification of all the couplings of G A and avoid the Landau pole problem for g B , though we get a somewhat strongly coupled unification, i.e. α GUT of order 1. 
G
In this section we discuss the case in which the gauge group G B is U(1) × SU(2) × SU(3), instead of SU (5), and each of the factors has a different gauge coupling g B k .
The charges of the link fields are:
At the scale Ω the sfermion masses are taken to be zero, while the gaugino of the gauge group G B k gets a soft mass Mg ,B k , which can be computed from the expression (3.6, 4.14), with α k replaced by α B k . The link fields (L 2 , L 3 ) obtain the following soft masses from gauge mediation:
From the scale Ω to m v , the renormalization group equations are [24] :
At the scale m v , the following sfermion masses are generated by integrating out the link field and the heavy gaugino:
The Higgs soft masses are given by eq. (5.6) with α B replaced by α B,3 . The MSSM gaugino masses are determined from Mg ,B k :
The trilinear scalar couplings at the scale m v are now:
α B 2 Mg ,B 2 + 13 15
14)
The Higgs mass gets a contribution which is absent in MSSM, due to the fact that the D-term of the heavy gauge boson does not decouple completely if there is supersymmetry breaking. The usual MSSM D-terms are modified to [9] :
where σ a are the Pauli matrices and ∆ k are given by:
(5.16)
In the presence of ∆ 1,2 , the usual bound m h 0 < m Z at tree level (which is saturated at large tan β) is replaced by [25] [26] [27] [28] Table 5 . Examples of weak scale spectra in the case of p = 6 couples of messengers, with µ > 0, tan β = 20 and α in the hybrid case, when the various scales in the problem -the messenger scale Ω, the effective SUSY-breaking scale f /Ω, the R-symmetry breaking scale ω and the Higgsing scale m v -are comparable. Concretely, from table 2, we see that the gluino mass is near the TeV -above the current LHC limits, while the stop mass is in the 1-2 TeV range. Intriguingly, when the SUSY-breaking scale is sufficiently close to the messenger scale, the NLSP might be a stau, followed by a right-handed selectron with a comparable mass. From table 4 , we see that the superpartner spectrum in the gaugino mediation regime -when the Higgsing scale m v is much smaller than the messenger scale Ω -is rather similar to the one in the hybrid case. This is due to the large threeloop contributions to the soft scalar masses in this case. It would be interesting to investigate also the intermediate regime, where the two and three-loop contributions to the soft sfermion masses are comparable.
Finally, if we do not require unification -e.g. when both gauge groups in figure  1 are SU(3) × SU(2) × U(1) with comparable couplings -and deep in the gaugino mediation regime, m v ≪ Ω, we find significant contribution to the Higgs potential, which is useful to ameliorate the little hierarchy problem. Concretely, in the second column of table 5, the stop mass is near 900 GeV and the SM Higgs mass is about 140 GeV.
